Case-chaos methodology is a proposed alternative to case-control studies that simulates controls by randomly reshuffling the exposures of cases. We evaluated the method using data on outbreaks in Sweden. We identified 5 case-control studies from foodborne illness outbreaks that occurred between 2005 and 2012. Using case-chaos methodology, we calculated odds ratios 1,000 times for each exposure. We used the median as the point estimate and the 2.5th and 97.5th percentiles as the confidence interval. We compared case-chaos matched odds ratios with their respective case-control odds ratios in terms of statistical significance. Using Spearman's correlation, we estimated the correlation between matched odds ratios and the proportion of cases exposed to each exposure and quantified the relationship between the 2 using a normal linear mixed model. Each case-control study identified an outbreak vehicle (odds ratios = 4.9-45). Case-chaos methodology identified the outbreak vehicle 3 out of 5 times. It identified significant associations in 22 of 113 exposures that were not associated with outcome and 5 of 18 exposures that were significantly associated with outcome. Log matched odds ratios correlated with their respective proportion of cases exposed (Spearman ρ = 0.91) and increased significantly with the proportion of cases exposed (b = 0.054). Case-chaos methodology missed the outbreak source 2 of 5 times and identified spurious associations between a number of exposures and outcome. Measures of association correlated with the proportion of cases exposed. We recommended against using case-chaos analysis during outbreak investigations.
Editor's note: An invited response appears on page 412.
Case-control analysis is the method most commonly used to conduct analytical investigations during outbreaks that are not confined to an easily identified closed population group or that have a low incidence of disease (1) . The method relies on an unbiased control selection. Achieving a high response rate in case-control studies is an increasingly difficult task (2) , as participation of controls in general population-based, casecontrol studies has been declining since 1990 (3, 4) . In 2012, Gillespie et al. (5) proposed a study design called the casechaos method that bypasses the need to recruit controls. The case-chaos method simulates controls by reassigning cases as controls and randomly permuting their exposures (5) . Avoiding recruitment of controls has many advantages, including lower cost, shorter duration, and a potential reduction in recruitment bias. Gillespie et al. tested the methodology on simulated data and data from 3 real-life outbreaks, calculating case-chaos odds ratios from single permutations. They concluded that the technique appeared to be useful as an adjunct or alternative to case-control methodology when investigating outbreaks (5) but also pointed out that further validation with real data was required. A response to the original article challenged the theoretical validity of the method, arguing that the simulated proportion of controls exposed to the studied exposure has no biological or epidemiologic plausibility (6) and that when the case-chaos methodology was applied, the exposure with the highest proportion of cases exposed would also have the highest odds ratio (6) .
Another response argued that by assessing whether a factor is significantly more common in cases than are other factors that are considered as potential risk factors, case-chaos methodology does not enhance interpretation of the frequency of exposure (7) . This response also evaluated the case-chaos methodology by introducing 2 hypothetical exposures to real-life data from a foodborne illness outbreak. The first, a common but randomly distributed factor, was significantly associated with the outcome, whereas the second, a rare but absolute risk factor for illness, was not (7) .
The authors reiterated that the method should be tested using real-life data (8, 9) . To determine whether the casechaos method can be used as an adjunct or alternative to casecontrol methods in real outbreak investigations, we evaluated the validity of the case-chaos method using data from real outbreaks previously investigated by the Swedish Institute for Communicable Disease Control.
METHODS

Data collection
We identified community-acquired foodborne illness outbreaks among outbreaks investigated in Sweden by the Swedish Institute for Communicable Disease Control between 2005 and 2012. We selected the 5 most recent outbreaks that were initially analyzed using the case-control design for which data were available.
Statistical analysis
We applied the case-chaos methodology to each of the selected outbreaks, following the procedure described in the original article (5). We created 5 controls for each case through random permutation of the cases' exposures. We matched each case to its own simulated controls and calculated unadjusted matched odds ratios using conditional logistic regression. To generate more robust estimates than in the original articles, we generated 1,000 case-chaos data sets for each outbreak rather than using a single permutation. For each exposure, we used the median of the 1,000 generated matched odds ratios as the crude point estimate and the 2.5th and 97.5th percentiles as the 95% confidence interval. We considered a case-chaos matched odds ratio to be statistically significant if its 95% confidence interval excluded 1. We compared the association between exposure and outcome obtained from the case-chaos and case-control methods in terms of statistical significance.
We used Spearman's correlation to determine whether the case-chaos matched odds ratio was correlated to the proportion of cases exposed. Next, we fitted a normal linear mixed model with log matched odds ratios as the outcome variable. Explanatory variables included the proportion of cases exposed and the number of cases in the corresponding outbreak. We included the outbreak as a random effect to correct for the dependency within matched odds ratio from the same outbreak. We evaluated the validity of the model by checking the assumption of normal distribution of residuals with a quantile-quantile plot and graphically confirmed the random distribution of the residuals with a scatterplot of residuals against the proportion of cases exposed.
We generated the case-chaos data sets and analyzed them using Stata, version 12 (StataCorp LP, College Station, Texas). We applied a significance level of 5% throughout the study. The original investigations were exempt from ethical committee review because they constituted an emergency response, and the data sets used in the study contained no patient identifiable information. Hence, this study did not require clearance by an ethical committee.
RESULTS
The Swedish Institute for Communicable Disease Control conducted the 5 selected case-control studies between 2005 and 2012. The agent was Salmonella in 4 studies and Escherichia coli in one. Reports were published for 2 of the 5 outbreaks (10, 11) . The case definitions used in the outbreaks were based on both clinical and laboratory criteria. In the 5 outbreaks, cases and controls had answered questionnaires that collected information regarding food items consumed in the previous 1-2 weeks. The 5 case-control studies had a matched design and used conditional logistic regression to estimate matched odds ratios. Two analyses, however, broke the match. Microbiological evidence was available in 2 studies (10, 11) . The number of cases ranged from 12 to 93, with the proportion of cases exposed to specific exposures ranging from 3% to 97%. Table 1 summarizes the characteristics of the selected outbreaks, including number of cases, number of recorded exposures, and proportion of cases exposed to specific items.
We re-examined 131 exposures using case-chaos methodology (Web Table 1 , available at http://aje.oxfordjournals. org/). In 3 of the 5 outbreaks, the case-chaos method identified a statistically significant association between the outcome and the outbreak vehicle identified by the case-control study (Table 1) . However, the case-chaos analysis also identified significant associations for 22 of 113 (19%) exposures that were not associated with the outcome in the case-control analyses (Table 2) . In outbreak A, the case-control and the case-chaos methods both identified the association between being a case and eating iceberg lettuce (odds ratio (OR) = 13, 95% confidence interval (CI): 2.9, 57, and matched OR = 7.5, 95% CI: 1.9, 29, respectively; Table 2 ). However, the casechaos method also identified stronger significant associations between being a case and eating 2 food items that were not suspected as sources (for hard cheese, matched OR = 11, 95% CI: 3.4, 42; for tomatoes, matched OR = 38, 95% CI: 12, 110; Table 2 ). Neither hard cheese consumption nor tomato consumption was associated with being a case in the original case-control studies (Table 2) . Overall, 95% and 97% of cases had consumed to these 2 items, respectively, whereas only 92% of cases had eaten iceberg lettuce.
In addition, the case-chaos methodology failed to identify a significant association for 13 of the 18 (72%) exposures significantly associated with the outcome in case-control studies (Table 2) . In outbreak C, 20% of cases reported eating baby spinach, and in outbreak D, 49% of cases reported eating alfalfa sprouts. Although both exposures were associated with outcome in the case-control studies, case-chaos methodology failed to detect an association with either of them ( Table 1) . The log matched odds ratios correlated with the respective proportion of cases exposed overall (Spearman r = 0.92, P < 0.001; Figure 1 ), as well as in each individual outbreak (r ranged from 0.93 to 1; P < 0.001 for all studies). In the model that was adjusted for outbreak, the log matched odds ratios increased significantly with the proportion of cases exposed (b = 0.054, P < 0.001) but was not associated with the number of cases (b = −0.002, P = 0.35). The variance between the outbreaks accounted for 24% of the total. The residuals from the model were normally distributed. No pattern could be identified when the residuals were plotted against the percentage of cases exposed.
DISCUSSION
Compared with case-control studies, case-chaos methodology failed to identify the outbreak vehicle in 2 out of 5 of outbreaks. Further, it identified associations that were not detected in the case-control studies. In fact, the matched odds ratios estimated from the case-chaos methodology strongly correlated with the corresponding proportion of cases exposed, regardless of sample size or outbreak. These empirical findings are consistent with proposed theoretical arguments (6, 7) .
Although the original article on case-chaos methodology (5) included only a single iteration of controls, we used 1,000 iterations of Monte Carlo simulations to generate a more robust point estimate. Furthermore, pooling data from 5 outbreaks allowed us to document that the relation between the matched odds ratio and the proportion of cases exposed was systematic, predictable, and independent of the outbreak or the number of cases.
Using the case-chaos method in the analytical epidemiology stage of an outbreak investigation presents 2 inherent difficulties. First, because the proportion of cases exposed to one item is compared with the average proportion of cases exposed among all investigated items (6), items with high proportion of exposure will be associated with the outcome. Specific exposures will be strongly associated with the outcome because they are common exposures rather than because of a causal relationship. Second, case-chaos methodology will fail to detect associations between outcome and exposures for which a low proportion of cases was exposed. This has been shown both in our study using real-life data and when using hypothetical risk factors (7) . Had case-chaos methodology been used in the 2011 Escherichia coli O104 outbreak that occurred in Germany in 2011 (12) , it is unlikely that a source would have been identified because only 25% of cases reported eating sprouts (12) . Furthermore, the limitations highlighted in the present study are inherent to the casechaos method rather than specific to applying it to outbreak investigations. These findings are therefore likely to be similar regardless of the type of data used, as highlighted in an evaluation of the case-chaos method using data from an adverse drug reaction case-control study (13) .
In the present study, we used case-control studies as a gold standard, assuming that the associations they identified were not caused by chance or bias. Case-control studies are susceptible to bias (14) , and of the 5 outbreaks, only 1 had a source that was microbiologically confirmed. Although we could not verify whether the case-control studies correctly identified the sources in the other 4 outbreaks, we compared case-chaos methodology to the standard methodology when facing these types of open population outbreaks.
In conclusion, the case-chaos method is not an alternative to case-control investigation, as it cannot reliably detect associations between exposure and outcome. The odds ratios produced by the method are only correlated with the proportion of cases exposed. Hence, the case-chaos method identifies spurious associations when many cases have been exposed and fails to identify associations between exposure and outcome when few cases have been exposed.
We cannot recommend the use of case-chaos methodology as an adjunct or alternative to case-control studies. Other strategies are available to overcome the difficulty of recruiting controls, including testing whether the proportion of exposure differs from what was known before using binomial probabilities (15) . This method has been successfully used during outbreak investigations (16, 17) , has a stronger theoretical basis, and should be further investigated as an alternative or adjunct to case-control studies. 
